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ABSTRACT
Usage and Development of Molecular Markers for Investigation of the Population and
Ecological Genetics of Bromus tectorum L.
Keith R. Merrill
'HSDUWPHQWRIPlant and Wildlife Sciences, BYU
Master of Science
This thesis includes two studies: The first examined patterns of neutral genetic diversity within
Bromus tectorum L. across the IMW region, and uses patterns of microsatellite (SSR) genotype
distribution to make inferences about the respective roles of adaptively significant genetic
variation, adaptive phenotypic plasticity, and facultative outcrossing in the ongoing invasion and
recent range expansion of B. tectorum. It has been previously demonstrated that, due to
extremely low outcrossing rates, it is possible to characterize individual genotypes of this species
using four SSR loci. We sampled 20 individuals from each of 96 B. tectorum populations from
throughout the IMW and used these SSR markers to characterize each individual. We found 131
four-locus SSR genotypes; however, the 14 most common genotypes collectively accounted for
79.2% of the individuals sampled. Individuals with certain SSR genotypes sorted strongly into
warm or salt desert habitats (stringent habitats) and flowered earlier than individuals with
genotypes from more mesic habitats, providing evidence of adaptively significant genetic
variation associated with these genotypes. Other SSR genotypes were found across a wide range
of habitats though they tended to be less prevalent in stringent habitats, providing evidence that
adaptive phenotypic plasticity may be important for the distribution of some common genotypes.
We observed few heterozygous individuals, consistent with the inbreeding reproductive strategy
of B. tectorum. Because specialist genotypes dominating recently invaded areas within the IMW
region contained unique alleles, they are not likely to have resulted from recombination, leading
us to doubt the role of facultative outcrossing as a significant mechanism facilitating the current
range expansion of B. tectorum in the IMW.
Previous research investigating the population and ecological genetics of Bromus tectorum L. in
the North American invaded range has relied on either allozyme or microsatellite (SSR) genetic
analyses, both of which have proven to have shortcomings. To overcome the issues associated
with these other marker types, the second study of this thesis reports the development of single
nucleotide polymorphism (SNP) markers for B. tectorum through 454 sequencing of normalized
cDNA and subsequenc SNP detection and validation. Sequencing resulted in 1258041 reads,
which assembled into 65486 contigs (20782 large contigs exceeding 500 base pairs). Using
selection criteria of at least 10x coverage and 30% of the minor allele, 3333 putative SNPs were
identified. We developed KASP assays for 255 putative SNPs, which resulted in 101 working
polymorphic assays. Ninety-six assays were then successfully converted for use with KASP on
the Fluidigm EP1 genotyping platform using 96.96 dynamic arrays.

Keywords: Bromus tectorum, cheatgrass, ecological genetics, inbreeding, invasive species,
microsatellite, SNP development, cDNA, pyrosequencing
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ABSTRACT
Premise of the study: This study examines neutral genetic variation within Bromus tectorum L.
across the Intermountain Western United States (IMW) and uses patterns of microsatellite (SSR)
genotype distribution to make inferences about the respective roles of adaptively significant
genetic variation, adaptive phenotypic plasticity, and facultative outcrossing in the ongoing
invasion and range expansion of B. tectorum.
Methods: We sampled 20 individuals from each of 96 B. tectorum populations from a range of
habitats throughout the IMW and used these SSR markers to characterize each individual.
Key Results: We found 131 four-locus SSR genotypes; however, the 14 most common genotypes
collectively accounted for 79.2% of the individuals sampled. Individuals with specific SSR
genotypes sorted strongly into stringent warm or salt desert habitats and flowered earlier than
individuals from mesic habitats in a common garden, providing evidence of adaptively
significant genetic variation associated with these genotypes. Other SSR genotypes were found
across a wide range of less-stringent habitats, providing evidence that adaptive phenotypic
plasticity may be important for the distribution of some common genotypes. We observed very
few heterozygotes, consistent with the highly inbreeding reproductive strategy of B. tectorum.
Conclusions: Because specialist genotypes dominating recently invaded areas within the IMW
region contained unique SSR alleles, they are not likely to have resulted from recombination,
leading us to doubt the role of facultative outcrossing as a significant mechanism facilitating the
current range expansion of B. tectorum in the IMW. These genotypes appear more likely to be
recent introductions from novel source populations.
Key words: Bromus tectorum; cheatgrass; ecological genetics; inbreeding; invasive species;
microsatellite
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INTRODUCTION
At the core of invasive species research is a need to understand how invaders are able to adapt to
novel habitats. While many studies have dealt with outcrossing invasive species, relatively few
such studies have dealt with inbreeding species. One of the difficulties in working with
inbreeding species is that a majority of the population genetics theories and analyses assume a
population in Hardy-Weinberg equilibrium (Savolainen et al., 2000); a high level of inbreeding
violates one of the most basic assumptions of Hardy-Weinberg equilibrium, which is a randomly
mating population. One advantage of working with inbreeding species is that gametic phase
disequilibrium may extend for more than 100 kb (Hagenblad and Nordborg, 2002; Nordborg et
al., 2002), allowing the use of fewer molecular markers for population and ecological genetic
studies of inbreeders than are needed for outcrossers.
In recent years, several key conditions for successful invasion have been proposed and
evaluated. Among the key conditions are: a) prior disturbance of native ecosystems in the
invaded region (García-Ramos and Rodríguez, 2002); b) high reproductive output or propagule
pressure (Kolar and Lodge, 2001; Lockwood et al., 2005; Dawson et al., 2009); c) capability for
rapid dispersal resulting in range expansion (Moody and Mack, 1988); and d) adaptive
phenotypic plasticity (biomass accumulation, seed production, tillering, etc.) under varying
environmental conditions (Richards et al., 2006). While each of these conditions by itself has
been associated with invasion success, cases where an invasion incorporated most or all of these
elements have typically resulted in not only a high degree of invasion success but also
widespread habitat destruction and high economic costs (Knapp, 1996; Pimentel et al., 2000).
One such invader in the Intermountain Western United States (IMW) is Bromus tectorum
L. (cheatgrass or downy brome; Mack, 1981; Novak and Mack, 2001). Bromus tectorum is an
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inbreeding annual grass (McKone, 1985) that was accidentally introduced from Eurasia to the
IMW in the late 1800’s (Mack, 1981) and is now the dominant plant species on tens of thousands
of square kilometers throughout the region (Bradley and Mustard, 2005). In addition, B. tectorum
continues to expand its range into salt and warm deserts (hereafter referred to as stringent
habitats), that were, until recently, unoccupied (Meyer et al., 2001; Scott et al., 2010). It has also
extended its range into higher elevation foothill and montane communities (Leger et al., 2009).
Introduction events typically create founder effects, or low genetic diversity due to the
introduction of a subset of the genetic variation present in the source region (Barrett and Kohn,
1991). These founder effects are expected to be especially severe with inbreeding species due to
limited opportunity for recombination and the strong effects of genetic drift in populations with
small effective breeding sizes (Charlesworth, 2003; Barrett et al., 2008). High propagule pressure
from multiple established populations may increase the chance of success for founding
populations by increasing genetic variation (Allendorf and Lundquist, 2003). Increased genetic
variation (in the form of planting multiple inbred lines with different genotypes together) has
recently been demonstrated with Arabidopsis thaliana to potentially increase the chance of
colonization success by increasing seedling emergence, flowering duration, biomass, and
reproduction (Crawford and Whitney, 2010). Allozyme studies have produced evidence for at
least seven independent B. tectorum introductions into the IMW but have also indicated that
extant genetic diversity remains low throughout the introduced range (Novak et al., 1991; Novak
and Mack, 2001; Valliant et al., 2007; Schachner et al., 2008) when compared with populations
in the native range (Novak and Mack, 2001).
In the face of high invasion success in spite of low genetic diversity, three hypotheses
have been put forth to explain why B. tectorum has been so successful. First, specific inbreeding
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lines, either newly introduced or already present at low frequency in established populations,
may possess traits that preadapt them for success in particular novel habitats where they may
become dominant (Ramakrishnan et al., 2006). Second, B. tectorum may be able to occupy a
wide range of habitats because of adaptive phenotypic plasticity (Novak et al., 1991; Rice and
Mack, 1991). Third, occasional facultative outcrossing may function as a mechanism for
generating novel genotypes, thus facilitating range expansion (Ashley and Longland, 2007).
Several studies have demonstrated the existence of genetically controlled phenotypic
variation in B. tectorum, including variation in flowering time, leaf and root area accumulation
under saline conditions, vernalization requirement for flowering, and establishment success in
diverse habitats (Rice and Mack, 1991; Rice et al., 1992; Meyer and Allen, 1999; Rasmuson and
Anderson, 2002; Meyer et al., 2004; Meyer et al., 2005; Leger et al., 2009). Ramakrishnan et al.
(2004) further demonstrated that adaptively significant variation was significantly correlated
with 4-locus microsatellite (simple sequence repeat or SSR) genotype. The hypothesis of
preadapted genotypes increasing colonization success in novel environments was further
supported by significant SSR genotype-by-habitat segregation in 17 populations of B. tectorum
in Utah and Idaho (Ramakrishnan et al., 2006). Adaptively significant genetic variation in B.
tectorum and its association with SSR genotype was demonstrated also on a local level by
examining genotypic variation on two transects along a salinity gradient in north-central Utah
(Scott et al., 2010).
In the present study, we use patterns of distribution of SSR genotypes to indirectly
address the respective roles of adaptively significant genetic variation, adaptive phenotypic
plasticity and novel genotype generation through facultative outcrossing in the ongoing invasion
of B. tectorum in the IMW. To test the three alternative hypotheses for the successful invasion of
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cheatgrass into novel habitats, we used the SSR markers developed by Ramakrishnan et al.
(2002) to genotype individuals collected from 96 populations representing diverse habitats
throughout the IMW. If B. tectorum SSR genotypes represent inbreeding lines with associated
suites of adaptive traits, and if those inbreeding lines have been pre-adapted for success in
specific habitats, then we expect to see dominance of a select few SSR genotypes in certain
habitats, and low frequency of those same genotypes in other habitats regardless of geographical
proximity. If invasion success is due to adaptive phenotypic plasticity, we expect to see a
distribution of genetic variation across the region that is driven primarily by dispersal and genetic
drift without regard for ecological barriers. If invasion into novel habitats is associated with the
generation of new genotypes through facultative outcrossing, we would expect to find
heterozygous individuals at relatively high frequency in newly invaded environments, and to find
lines that represent recombinant genotypes becoming dominant.
MATERIALS AND METHODS
Sample Collection and Preparation
Seed heads were collected from 20 individuals (maternal lines) in each of 96 populations of B.
tectorum distributed throughout the IMW (Fig. 1.1; Appendix S1, see Supplemental Data with
the online version of this article). Sampled individuals were separated from one another by at
least one meter to minimize the potential for sampling full siblings (Hulbert, 1955). Seeds from
each population were collected in one of three years, 2005, 2006, or 2008. Geographical
locations (GPS coordinates) for each population were obtained at the time of sampling. To
investigate the effects of larger sample sizes on allele and genotype frequencies, ten of the 96
populations were sampled at higher intensity (30-60 maternal lines). A single plant was grown
from each maternal line under greenhouse conditions for DNA extraction. When plants were
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approximately 10 cm tall, 1-3 of the youngest leaves were collected from each plant and stored at
-80 C. DNA was extracted using a DNeasy Plant Mini Kit (Qiagen, Germantown, MD) or a
modified CTAB extraction protocol (Fulton et al., 1995).
SSR Genotyping
Methods for SSR amplification and visualization for the four loci examined in this study (BT05,
BT26, BT30, BT33; Ramakrishnan et al., 2002) were identical to those reported by Leger et al.
(2009). The four SSR loci we used were selected for genotyping due to the ease of multiplexing
in a single PCR reaction, (Ramakrishnan et al., 2002). While the addition of two additional loci
(BT04 and BT12) did add a few low-frequency genotypes, these four marker loci were
concluded to provide sufficient resolution for population characterization (Ramakrishnan et al.,
2006).
In order to make the SSR genotype classification in the present study consistent with previously
reported studies (Ramakrishnan et al., 2002; Ramakrishnan et al., 2004; Ramakrishnan et al.,
2006; Leger et al., 2009; Scott et al., 2010), the correction values of +2 base pairs to BT05, BT30,
and BT33 and +4 base pairs to BT26, as described by Leger et al. (2009), were added to all allele
lengths. This correction was necessary because we found systematic differences among DNA
analyzers in specifying allele lengths for a set of reference lines (reference lines are available
upon request from the authors). Letter designations for allele lengths follow the pattern
established by Ramakrishnan et al. (2006), as amended by Leger et al. (2009), with the addition
of allele length 165 at BT26 (designated Z) and allele length 229 at BT33 (designated Y).
Additional new alleles were encountered in this study (Appendix S2, see Supplemental Data with
the online version of this article for a complete list of alleles for each locus). These were not
assigned letters because they did not occur in common genotypes. Only the 14 most common
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SSR genotypes that individually accounted for >2.0% of the total individuals sampled were
included in the figures, with the remainder being combined into a “rare” category; however, all
alleles were included in the molecular analyses.
Population Grouping
The six ecological groups were defined by plant community type and consisted of warm desert
(WD), salt desert (SD), cold desert (CD), steppe (ST), foothill (FT), and montane (MO) (Table
1.1). These plant communities typically occur along an environmental gradient associated with
increasing elevation, decreasing temperature, and increasing precipitation. Yearly mean annual
precipitation and mean January temperature between 1971 and 2007 for each collection site were
obtained using the PRISM Climate Group website (http://prismclimate.org, accessed May 2009).
Site elevation was obtained using Google Earth v.5.1 (Google, Mountain View, CA) from GPS
(latitude and longitude) coordinates (Appendix S1, see Supplemental Data with the online
version of this article for detailed information on each population). Because of latitudinal and
macroclimatic differences, elevation and precipitation values for the northern IMW populations
differed substantially from the mean values for their respective habitats in the remainder of the
IMW (data not shown); this is the main reason that many of the ranges for climate variables are
so large (Table 1.1).
Statistical Analyses
Analysis of molecular variance (AMOVA) (Excoffier et al., 1992), Mantel correlations (Mantel,
1967), and Nei’s gene diversity (Nei, 1987) were calculated using Arlequin 3.5 (Excoffier and
Lischer, 2010). Both the AMOVAs and Mantel correlations were run with 30,000 permutations
and with the samples designated as haploid due to extremely high levels of homozygosity. For
individuals that were heterozygous at one or more loci, one allele was chosen at random for
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inclusion in these analyses. To test the amount of differentiation between and among ecological
groups based upon allelic frequencies, ten AMOVA analyses were run, each applying a different
form of secondary population grouping structure. Genetic and geographic distance matrices for
the Mantel correlations were generated using NTSYSpc 2.21a (Exeter Software, Setauket, NY,
USA). Analysis of Variance (ANOVA) for gene diversity was run using Program R 2.11.1 (R
Development Core Team, 2008).
Contingency table analysis was performed using SAS Version 8.2 (SAS Institute, Cary,
NY, USA). For contingency table analysis, frequencies of the 14 most common SSR genotypes
and all rare genotypes (remaining genotypes pooled) were calculated for each population.
Numbers of individuals amplifying each common genotype and pooled rare genotypes were
summed across populations for each of six plant community types. This summing across
populations generated numeric genotype frequency distributions for each plant community type
rather than proportional frequencies. Frequency distributions were subjected to pairwise Chisquare tests to determine if pairs of frequency histograms were significantly different from each
other. The Chi-square analysis was first performed on the raw numeric frequency data, but this
violated the assumptions of contingency table analysis by generating predicted numbers <5 for
many cells because of the large number of cases with empty cells for one or more genotypes. To
resolve the problem, a constant value of five was added to the observed number in each cell of
each contingency table (Everitt, 1992). Adding a constant value to observed numbers made it
somewhat more difficult to detect significant differences between pairs of histograms but did not
have a notable impact on the resulting significance tests. We applied the Bonferroni correction
(Quinn and Keough, 2002) to control the Type I error rate when making multiple comparisons
among frequency histograms.
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To examine genotypic diversity within populations and groups, the Shannon index of
diversity (Shannon, 1948) applying the correction suggested by Bowman et al. (1971; Peet,
1974) for each population was calculated as:

where S is the number of genotypes in the population, N is the number of individuals, and pi is
the relative abundance of each genotype (number of individuals with a given genotype / total
individuals in the population). The Shannon index takes into account not only the number of
genotypes in a given population but also their relative abundance (evenness).
Common Garden Experiment
We used a common garden study to document differences in flowering time among SSR
genotypes. Two blocks of 96 B. tectorum seedlings of multiple SSR genotypes were transplanted
at 10 cm spacing into a randomized block design at Spanish Fork, UT (Lat 40.066, Long 111.629) in the fall of 2009. This is a foothill habitat site with an elevation of 1435m, mean
annual precipitation of 431mm, and mean January temperature of -2.4°C. The site was prepared
prior to transplanting by application of glyphosate and 2,4-D in late spring 2009, after
germination but prior to seed production of extant weeds. Transplanted individuals were allowed
to vernalize over the winter in the field and were then scored weekly through the spring and early
summer for phenological status in eight numbered categories corresponding to stages from
vegetative (pre-bolting) to ripened seeds. Each block contained four progeny from each of 24
individuals (maternal lines) with known SSR genotypes. Two maternal lines were selected from
different populations, for each of 12 SSR genotypes (CCBB, DABB, DCBB, DDBB, EBBF,
EZBY, GCBB, GCCB, IEBB, JCBB, FEDD and KCBB). The data were analyzed by calculating
the mean phenological stage with 95% confidence interval for each maternal line (i.e., the mean
10

of the phenological stages for the eight progeny plants) at each weekly evaluation. Data from the
evaluation date with maximum phenological difference among lines belonging to different SSR
genotypes are reported here.
RESULTS
Genotypic Distribution
In the 1884 maternal lines sampled, we found 131 four-locus SSR genotypes, with the 14 most
common SSR genotypes collectively accounting for 79.2% of the total sample. Most populations
were dominated by only one or a few common genotypes, with the most common SSR genotypes
accounting for >55% of the genotypic composition in all but one population. Ten populations
were dominated by a single genotype (≥90% frequency), and 85 of the populations had at least
one genotype that accounted for ≥30% of the population. Fifty-seven genotypes were observed
only once and 101 were observed five or fewer times. The average number of genotypes in a
given population was 5.25 with a high of 13 and a low of 2. The four loci, BT05, BT26, BT30,
and BT33, had 12, 14, 5, and 9 alleles, respectively, for a mean of 10 alleles per locus (Appendix
S2, see Supplemental Data with the online version of this article for a detailed list of alleles and
individuals within each population). More intensive sampling of populations yielded between 0
and 11 (2.88 average) additional low-frequency genotypes. Only one genotype frequency was
altered by more than 10% (15%), and the average change in genotype frequency in more
intensively sampled populations was ± 0.04 (data not shown). Two populations yielded one or
two additional heterozygotes with higher sampling intensity; however, this did not significantly
alter the observed heterozygosity in these populations (data not shown).
Some inbreeding lines with characteristic SSR genotypes clearly sorted into plant
community types (Fig. 1.2). Contingency table analysis showed that every pairwise comparison
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for SSR genotype frequency distributions from different plant community types was significant
at the P < 0.01 level after the Bonferroni correction (df = 14, likelihood ratio chi-squared values
ranged from 42.5 to 478.9). Populations in stringent habitats at the lower end of the elevational
range of B. tectorum were characterized by high frequencies of SSR genotypes that were largely
confined to those habitats (Fig. 1.2). Genotypes FEDD, EBBF, and ECBB dominated the warm
desert habitats (in respectively decreasing amount), while each composed less than 3% of any
population in other habitat types. Genotype IEBB was dominant in the salt desert habitat, but
decreased in frequency with increasing elevation, and was almost completely absent from the
montane habitats. It had a fairly wide distribution across all central and southern salt desert
populations, but was not found in northern salt desert populations. In contrast, the other
characteristic salt desert SSR genotype, EZBY, was completely restricted to the salt desert
habitats in western Nevada. Two SSR genotypes, DABB and GCCB, were characteristic of
montane and foothill habitats near the upper elevational limit of B. tectorum, but occurred at low
to very low frequency in lower-elevation habitats.
At least one apparent ‘general purpose’ genotype (DCBB) with wide ecological
amplitude and geographic distribution was abundant across four of six ecological groups
(montane, foothill, steppe, and cold desert); however, it appeared at much lower frequency in
populations from the more stringent salt and warm desert habitats (Fig. 1.2). Many of the other
somewhat less common SSR genotypes, such as CCBB, DDBB, JCBB, and GCBB, were found
mostly in habitats from middle to high elevation, while genotypes KCBB and ICBB were found
mostly in middle to low elevation habitats.
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Genetic Analyses
The AMOVA analyses revealed almost equal variation within and among populations, indicating
a high degree of population differentiation and structure (Table 1.2). Secondary structure based
on ecological groups accounted for 13.1% of the variation. When individual groups were isolated
by combining all other populations into a single group, two ecological groups (warm desert and
salt desert) were significantly different from the group of all remaining populations (Table 1.2).
The Mantel correlation for genetic distance by geographic distance was not significant,
indicating that the observed genetic structure was not a function of isolation by distance
(Regression Coefficient = -0.033947; P = 0.6219).
Gene diversity was highly variable among populations, though skewed towards values
above 0.5, with a high of 0.93, a low of 0.10, and a mean of 0.60 (standard deviation 0.23). Mean
gene diversity was lowest in the warm desert habitat and highest in the cold desert habitat, with
intermediate values in steppe and montane habitats (Table 1.3); however, these differences were
not significant when tested by ANOVA (F5, 90 = 1.6388, P = 0.1578). Number of SSR haplotypes,
gene diversity, and Shannon Index value were significantly positively correlated across
populations (Table 1.4). The cold desert habitat was more genotypically diverse than salt desert
and warm desert habitats (Fig. 1.3).
We encountered very low levels of outcrossing; mean expected heterozygosity was 0.31
averaged across all loci, but observed heterozygosity was extremely low (0.0074). Out of a total
of 1884 individuals, 11 were found to be heterozygous at one or more loci. Heterozygotes were
found in only three habitats, cold desert, salt desert, and steppe (3, 2, and 6 heterozygotes,
respectively). Moreover, the SSR genotypes that were characteristic of recently invaded,
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stringent environments often had unique SSR alleles not found in common genotypes from less
stringent environments in the region.
Common Garden
Individuals of the salt desert SSR genotype EZBY flowered significantly earlier in the common
garden than individuals of any other genotype (Fig. 1.4). Individuals from warm and salt desert
populations with SSR genotypes FEDD, EBBF, and KCBB flowered later than EZBY but
generally flowered earlier than any of the other lines. The difference in the timing of anthesis
between the earliest-flowering and latest-flowering lines was approximately four weeks.
DISCUSSION
This study sought to be habitat-extensive rather than population-intensive; as such, we examined
the genetic diversity in 96 populations throughout the IMW by sampling 20 individuals per
population. Our results suggest that the alternative hypotheses of adaptively significant genetic
variation or adaptive phenotypic plasticity explaining the distribution of B. tectorum across the
IMW are not mutually exclusive. Rather, while individuals with certain SSR genotypes (DCBB,
CCBB) seem to possibly be associated with high levels of adaptive phenotypic plasticity and are
able to thrive across a wide range of habitats, certain SSR genotypes (FEDD, EBBF, EZBY,
IEBB) appear to be associated with specific stringent environments and are rare in other, more
mesic environments (Fig. 1.2). This pattern of habitat segregation by specific genotypes is
consistent with the hypothesis of adaptively significant genetic variation in the form of traits
(alleles) that may adapt these inbreeding lines for a specific stringent environment yet perhaps
result in a fitness cost outside of the niche habitat, resulting in an inability to compete in less
stringent environments. A similar but less pronounced pattern of segregation is also evident with
the SSR genotypes DABB and GCBB in higher elevation habitats.

14

In our common garden experiment, stringent environment genotypes showed
significantly earlier flowering than genotypes found in more mesic environments. Additionally,
it has been observed that individuals with SSR genotypes FEDD, EZBY, and EBBF do not
require vernalization in order to flower, which may explain why these genotypes are able to
flower earlier (Meyer et al., 2004; Merrill et al., unpublished data). In cereal crops as well as in
Arabidopsis, both the vernalization requirement and timing of flowering have long been seen as
adaptations to varying climatic conditions that are under strong genetic control (Izawa, 2007;
Distelfeld et al., 2009). Lack of vernalization requirement and early flowering may be of
significant selective advantage in habitats where water is limiting and mostly available during
winter months. Warm desert habitats may not get cold enough during winter months to satisfy a
vernalization requirement on a consistent basis. Lack of vernalization and early flowering may
be disadvantageous, however, in areas where these traits may result in frost damage or failure to
capitalize on available resources and thus increase yield. The dominance of inbreeding lines with
characteristic SSR genotypes (such as FEDD, EZBY, and EBBF) in certain stringent habitats is
consistent with the hypothesis that directional selection may be acting upon B. tectorum during
colonization of these habitats (Charlesworth, 2003).
No evidence was found to support the hypothesis that facultative outcrossing is a
mechanism for the ongoing B. tectorum range expansion. While we observed a higher
outcrossing rate than many previous SSR studies with B. tectorum (Ramakrishnan et al., 2004;
Ramakrishnan et al., 2006; Scott et al., 2010) and lower than others (Ashley and Longland, 2007;
Leger et al., 2009), unique alleles in the genotypes of those individuals dominating the more
stringent habitats make it unlikely that these plants could have arisen solely through
recombination resultant from a cross of other extant genotypes. The pattern we observed is more
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supportive of the idea that separate introductions of preadapted genotypes were responsible for
range expansion. We recognize, however, the limitations of the number of markers were used in
this study and acknowledge that additional molecular markers will be necessary to fully examine
how much of a role outcrossing may have played in the past evolution of this species. We are
currently developing single nucleotide polymorphism markers in B. tectorum for this purpose.
Bromus tectorum gene diversity throughout this region is comparable to other invasive
inbreeding species. For example, in studying populations of Arabidopsis thaliana in Japan,
Todokoro et al. (1995) reported Nei’s gene diversity values ranging from 0 to 0.89 with a mean
of 0.67. Our average of 10 alleles per SSR locus is much higher than the 1.28 alleles per locus
reported for allozymes in B. tectorum (Schachner et al., 2008). This result is typical for
comparisons of percent polymorphism between SSRs and allozymes in other species regardless
of system of mating or invasiveness, including Euterpe edulis Mart. (heart of palm), Oryza
rufipogon Griff. (wild rice), Pseudotsuga menziesii Mirb (Douglas-fir), and Arabidopsis thaliana
(Todokoro et al., 1995; Gao et al., 2002; Conte et al., 2008; Krutovsky et al., 2009). Distinct SSR
genotypes (those with no alleles in common), such as EZBY, FEDD, and DCBB, support the
idea of multiple introductions (Novak and Mack, 2001) of B. tectorum into the IMW, at least in
part because they are dominant in different habitats, suggesting that these genotypes originated
from distinct habitats and, thus, from more than one source population.
Alternate processes that can result in non-random genotype distribution across the
landscape include genetic drift and invasion history. We do not believe that either of these
processes is solely responsible for observed patterns of distribution, because habitat segregation
was observed in multiple populations, separated by distance across a large geographic area,
representing a single habitat type. Instead, we conclude that selection acting on adaptively
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significant genetic variation is likely a major component of the ongoing B. tectorum invasion of
stringent environments in the IMW. On the other hand, genetic drift and invasion history may
play a role in the distribution of general-purpose genotypes (DCBB, CCBB). Alternatively, these
apparent general-purpose genotypes may represent multiple inbreeding lines that fail to resolve
using only the four SSR loci applied in this study. There appeared to be a degree of regional
isolation of some genotypes, particularly DDBB, EZBY, and the three warm desert genotypes,
likely due to the introduction history of B. tectorum in the IMW (Mack, 1981).
If specialist genotypes are facilitating the expansion of the B. tectorum range within the
IMW, one question is why invasion into some of the more stringent habitats (high montane, salt
desert, warm desert) has occurred only in the last 40 years. Three possible explanations for this
recent expansion are: 1) specialist genotypes are successful recombinants from preexisting
genotypes as a result of facultative outcrossing, 2) specialists have been persisting at low
frequency in other habitats and have only recently been dispersed into the habitat for which they
are preadapted, or 3) specialists have only recently been introduced to the IMW from the native
range. The first explanation is unlikely because specialist genotypes dominating salt and warm
desert habitats contain unique alleles that could not have arisen through recombination of other
genotypes extant in the IMW. The second explanation is possible, as we did find very low
frequencies of some specialist genotypes (FEDD, IEBB) outside of their niche habitat; however,
EZBY was never observed outside of the Western Great Basin salt desert populations, making it
unlikely that the salt desert colonization is the result only of recent dispersal from other
populations in the IMW. We therefore conclude that the most likely situation is one in which
specialist genotypes dominating recently invaded habitats are the result of recent introductions
from novel source populations. We do recognize, however that EZBY may be present in other
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populations but at very low frequency so that it was not detected in this study by sampling only
20 individuals per population.
Our widespread characterization of SSR loci in B. tectorum throughout the IMW has
revealed genetic patterns consistent with a degree of adaptively significant genetic variation in
more stringent habitats and potentially more adaptive phenotypic plasticity prevailing throughout
less-stringent habitats. It may be, however, that genotypes apparently displaying the highest
levels of adaptive phenotypic plasticity, such as DCBB, may actually be multiple genotypes,
which fail to resolve using current SSR markers. It may be necessary to examine additional loci,
and perhaps examine in a common garden the relative fitness of identical general-purpose
genotypes taken from diverse habitats, to fully address whether or not adaptively significant
genetic variation is also playing a role in the distribution of apparent generalists. Finally, we did
not find evidence to support the role of facultative outcrossing in the ongoing invasion of B.
tectorum in the IMW, but recognize the need to examine additional loci for evidence of
recombination and/or heterozygosity remaining from past outcrossing events to fully address this
issue.
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TABLES FOR CHAPTER 1
Table 1.1 – Plant community classification system used to classify B. tectorum collection sites.
Ranges are also given for Elevation, annual precipitation and mean January temperature for
populations grouped within each habitat.
Elevational
Range (m)*

Annual
Precipitation
Range (mm)*

Mean
January
Temperature
Range (C)*

Warm Desert

665 - 1380

180 - 370

+2.4 to +8.2

Salt Desert

431 - 2134

135 - 305

-8.0 to +0.4

Cold Desert

310 - 1887

185 - 325

-6.7 to +2.0

Steppe

464 - 2255

260 - 510

-7.3 to +0.7

Foothill

1539 - 2369

300 - 510

-7.6 to -1.8

Montane

678 - 2624

400 - 1050

-6.6 to -1.5

Plant
Community
Type

Typical Dominant
Species in Potential
Natural Plant
Community§
Larrea tridentata
Ambrosia dumosa
Coleogyne ramosissima
Atriplex confertifolia
Atriplex gardneri
Sarcobatus vermiculatus
Kochia americana
Artemisia tridentata
Krascheninnikovia lanata
Poa secunda
Achnatherum hymenoides
Artemisia tridentata
Purshia tridentata
Pseudoroegneria spicata
Festuca idahoensis
Juniperus osteosperma
Pinus monophylla
Pinus edulis
Quercus gambelii
Celtis reticulata
Populus tremuloides
Pseudotsuga menziesii
Pinus ponderosa
Abies concolor
Symphoricarpos
oreophilus
Stipa lettermanii

Notes: *Ranges apply only to sites where collections were made for this study, not to the plant
community type overall.
§
See USDA Plants Database (http:// plants.usda.gov) for authorities for scientific names.
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Table 1.2 – AMOVA results for five different population structures. No secondary structure
tested the amount of variation between and among individual populations. All ecological groups
applied the secondary structure of populations grouped by habitat (Fig. 1.1). The other three
AMOVA's either tested the differentiation of a single ecological group compared against all
other populations in a single group or tested the differentiation of remaining groups after the
exclusion of the most distinct groups. All P-values are <0.00001 unless otherwise noted.

Source of Variation

d.f.

Sums of
Squared
Deviations

Variance
Components

Percentage
of
Variation

No secondary
structure

Among Populations
Within Populations
Among Populations

95
1787
5

899.682
1047.303
245.801

0.4530
0.5861
0.1396

43.59
56.41
13.09

All Ecological
Groups

Among Populations
within Groups

90

653.882

0.3406

31.95

1787
1

1047.303
123.514

0.5861
0.3555

54.96
26.67

94

776.169

0.3912

29.35

1787
1

1047.303
72.409

0.5861
0.0994

43.98
9.00

94

827.273

0.4188

37.99

1787
3

1047.303
39.492

0.5861
0.0242

53.07
2.74*

62

368.219

0.2728

30.84

1229

722.058

0.5875

66.42

Grouping
Structure

Within Populations
Among Populations
WD separate and
Among Populations
all other groups
within Groups
combined
Within Populations
Among Populations
SD separate and
Among Populations
all other groups
within Groups
combined
Within Populations
Among Populations
SD and WD
removed; All
Among Populations
other groups
within Groups
separated
Within Populations
Note: *P-value=0.00063.
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Table 1.3 – Summary statistics for habitat groups.

Salt Desert

SD

Number of
Populations
21

Warm Desert

WD

9

179

16

0.7399

0.0259

Cold Desert

CD

29

568

65

0.9029

0.0067

Steppe

ST

19

371

46

0.8712

0.0132

Foothill

FT

9

178

14

0.8285

0.0133

Montane

MO

9

179

25

0.8765

0.0105

Habitat

Abbr.

Number of
Samples
409

Number of
Haplotypes
47

Mean Gene
Diversity
0.8168

0.0155

29

StDev

Table 1.4 – Linear regression between gene diversity, number of haplotypes, and the Shannon
Index of Diversity for all populations.
Linear Regression Coefficients
Gene Diversity ~ Number of Haplotypes

Adjusted Rsquared
0.6216

F-statistic

d.f.

P-value

158.7

95

P < 2.2e-16

Gene Diversity ~ Shannon Index

0.9403

1513

95

P < 2.2e-16

Number of Haplotypes ~ Shannon Index

0.8007

386.8

95

P < 2.2e-16

30

FIGURES FOR CHAPTER 1

Figure 1.1. Bromus tectorum Intermountain West collection sites included in this study,
identified by habitat. Symbols represent habitats (as given in the map legend).
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Figure 1.2. Frequencies of the 14 most common genotypes within each habitat and also overall.
Frequency of each genotype represents the percentage of the total number of individuals pooled
across populations for each habitat.
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Figure 1.3. Mean Shannon Diversity Index value (H’) for genotype diversity for each habitat.
The Shannon Index was calculated for each population individually and population values were
then averaged for each habitat. Error bars represent the standard error.
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Figure 1.4. Mean flowering stage for individuals with given SSR genotypes on May 05, 2010.
Error bars represent the 95% confidence interval.
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ABSTRACT
Both allozyme and microsatellite (SSR) analyses have proven to have shortcomings in the study
of Bromus tectorum L., including low polymorphism, few developed markers, and homoplasy. In
order to facilitate further study of the population and ecological genetics of this invasive grass
and overcome the issues associated with allozymes and SSRs, we developed single nucleotide
polymorphism (SNP) markers for B. tectorum by 1) obtaining normalized cDNA, 2) sequencing
normalized cDNA using 454 sequencing, 3) aligning resultant contigs and looking for SNPs, 4)
designing assays for SNP validation and genotyping using KASP, 5) converting working KASP
assays for use with the Fluidigm EP1 platform using the 96.96 Dynamic ArrayTM IFC.
Sequencing of cDNA resulted in 1,258,041 reads, which assembled into 65,486 contigs (20,782
large contigs exceeding 500 base pairs). Using selection criteria of at least 10x coverage and
30% of the minor allele, 3333 putative SNPs were identified. We developed KASP assays for
255 putative SNPs that resulted in 101 working assays for polymorphic markers. Ninety-four
assays were successfully converted for use with KASP reaction mix on the Fluidigm EP1
genotyping platform using 96.96 dynamic arrays.
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INTRODUCTION
Previous research investigating the population and ecological genetics of Bromus tectorum L. in
the North American invaded range has relied on either allozyme or microsatellite (SSR) genetic
analyses, both of which have proven to have shortcomings. Allozyme analyses have been mostly
targeted at tracing the introduction history and subsequent spread of B. tectorum in the invaded
range. Only six allozyme loci have shown polymorphism with two to four alleles per locus
(Novak, Mack, and Soltis, 1991; Novak and Mack, 2001; Valliant, Mack, and Novak, 2007;
Schachner, Mack, and Novak, 2008). In contrast, as many as seven SSRs have been examined in
any given study (Ramakrishnan et al., 2004); however, usually only four loci (BT05, BT26,
BT30, and BT33) are used due to the ease of multiplexing and relative level of informativeness
(Ramakrishnan et al., 2002; Ramakrishnan et al., 2004). The average number of alleles per SSR
locus has been shown to be as high as 14.5 (Merrill, Meyer, and Coleman, submitted). Both of
these marker systems have revealed populations throughout the invaded region that are largely
homogeneous, dominated by one or a few common genotypes, with very few heterozygous
individuals. Debate does exist in the literature, however, as to the role of outcrossing in the
success of B. tectorum, especially in adapting to novel or stringent habitats (Ramakrishnan et al.,
2006; Ashley and Longland, 2007; Valliant, Mack, and Novak, 2007; Leger et al., 2009). It has
been noted that outcrossing rates in B. tectorum may have been underestimated in homogeneous
populations because few markers, combined with low levels of polymorphism, may result in
masking of outcrossing events (i.e. two individuals with the same marker genotype cross,
resulting in progeny that are homozygous at all loci).
We have recently discovered, through nucleotide sequencing of several SSR alleles, that
some loci exhibit homoplasy (unpublished data); this is not uncommon with SSR markers (de
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Valk, Meis, and Klassen, 2007; Lia et al., 2007; Pasqualotto, Denning, and Anderson, 2007).
Homoplasy can be due to multiple repeats within the amplified region, other insertion or deletion
sites, or both, and may have resulted in the grouping of individuals as genetically more similar
than they actually are. Homoplasy confounds analyses of the role and relative frequency of
outcrossing in creating novel genotypes based solely upon allelic combinations because two
SSRs of equal length may not actually represent the same sequence. Furthermore it is not
uncommon for a given number of repeats within an SSR to arise multiple times, resulting in
identity, but not by descent, which may confound phylogenetic inference. Another inherent
problem with both allozyme and SSR markers is limited reproducibility between labs, which can
often result in data discrepancies. Such discrepancies are well documented (de Valk et al., 2009)
and have been attributed to differences in the separation matrix, instrumentation, degree of
denaturation, temperature, fluorescent labels (Vainer et al., 1997; Tu et al., 1998), and even the
size standard and DNA polymerase used for amplification (de Valk, Meis, and Klassen, 2007).
To overcome issues associated with allozyme and SSR markers, this study reports the
development of single nucleotide polymorphism markers (SNPs) for the genetic study of B.
tectorum through 454 sequencing of cDNA and subsequent assay design. SNPs are ideal for
examining the role of outcrossing in the B. tectorum invasion and recent range expansion
because of the ease of examining numerous loci simultaneously. SNP analysis will facilitate the
observation of persistent heterozygosity from past outcrossing events across many generations.
The use of SNP markers provides a more accurate analysis of phylogenetic relationships between
individuals because of the absence of homoplasy and the superior resolution obtained by using a
larger number of markers. Reproducibility of SNP results between labs is also much easier and
more straightforward.
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MATERIALS AND METHODS
Plant Material, DNA Extraction
All individuals selected for use in this study were previously genotyped or had a full sibling
genotyped using the four B. tectorum SSR loci BT05, BT26, BT30, and BT33 (Merrill, Meyer,
and Coleman, submitted). Due to the inbred nature of B. tectorum, high levels of homozygosity
are commonly observed and seeds from the same maternal plant are expected to be near isogenic.
DNA was extracted from leaf tissue using a DNeasy Plant Mini Kit (Qiagen, Germantown, MD)
or a modified CTAB extraction protocol (Fulton, Chunwongse, and Tanksley, 1995).
cDNA Preparation
Total RNA was extracted from two tissue types (inflorescence and whole seedling). Six
individuals with known SSR genotypes common in diverse habitats within the intermountain
western United States (Merrill, Meyer, and Coleman, submitted) were divided into two groups of
three. Inflorescence tissue was collected from one group (SSR genotypes IEBB, DCBB, and
FEDD) and the whole seedling collected of the other group (SSR genotypes EZBY, DABB, and
KCBB). Tissue from all three individuals within each group was combined and RNA was
extracted from the combined samples using the ZR Plant RNA MiniPrep Kit (Zymo Research,
Orange, CA). These two total RNAs were sent to Evrogen (Moscow, Russia) for cDNA
synthesis and normalization. Synthesis of cDNA was performed separately on the two groups
using the SMART approach (Zhu et al., 2001). After synthesis, cDNA from both groups was
combined and then normalized by treatment with duplex-specific nuclease (Shagin et al., 2002)
following the method of Zhulidov et al. (2004; Fig 2.1).
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454 Sequencing, Contig Assembly, and SNP Detection
A single micro-bead sequencing run was performed on the normalized cDNA at the Brigham
Young University DNA Sequencing Center (Provo, UT) using a Roche-454 GS FLX instrument
and Titanium reagents (Branford, CT) without DNA fragmentation. The resulting DNA reads
were assembled de novo using the Roche Newbler assembler (v.2.0.01) with the minimum
overlap length set to 50 bp and the minimum overlap identity set to 95%. Putative SNPs were
identified using a custom perl-script, (Stajich et al., 2002; Maughan et al., 2009). Three
conditions had to be met for a SNP within a given contig to be considered for further analysis:
first, coverage depth at the SNP must be ≥ 10, second, the minor allele must represent at least
30% of the alleles observed, and third, only SNPs that did not have another SNP within 50 base
pairs to either side were considered for possible assay development (Fig 2.1).
SNP Validation and Assay Design
SNPs were validated by design and use of assays for KASP genotyping (KBioscience, UK)
following the KASP Genotyping Manual (v3.0) using a PHERAstar Plus Microplate Reader
(BMG Labtech, Germany). Data from the PHERAstar were analyzed using KlusterCaller
Software (v.2.15, KBioscience, UK). Primers for each assay were designed using KBioscience’s
PrimerPicker Lite for KASPar Software (v.0.26). This software designs two forward allelespecific primers (one for each allele) and two potential common reverse primers (Table 2.1).
Each assay was tested on 23 individuals with one negative control per assay in a 384-well plate
as a 4µl reaction. Successful assays had two (or three, in the case of heterozygotes) distinct
clusters with good separation. If separation was poor initially, samples were amplified for an
additional 5, 10, or 15 cycles of: 94ºC for 20s, 57ºC for 60s. The number of additional cycles
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was based on the initial degree of separation. For assays that failed using the first common
reverse primer was also tested (Fig 2.1).
Validated assays were converted for use with the Fluidigm EP1 SNP Genotyping System
with the 96.96 Dynamic ArrayTM IFC (Fluidigm Corporation, San Francisco, CA). Ninety-five
individuals were genotyped with 96 validated SNP markers using the Fluidigm Specific Target
Amplification (STA) for KASP Assays Advanced Development Protocol (including design of
STA primers, Table 2.2) followed by the Fluidigm KASP Assays on the 96.96 Dynamic ArrayTM
IFC for SNP Genotyping Advanced Development Protocol (Fig 2.1). In the 95 individuals, four
individuals were included as positive controls that had already been SNP genotyped for all 96
loci during the validation process and would collectively represent both alleles for each assay.
One negative control was also included. Data were analyzed using the Fluidigm SNP Genotyping
Analysis Software (v.3.0.2, Fluidigm Corporation, San Francisco, CA).
RESULTS
454 Sequencing, Contig Assembly, and SNP Detection
To reduce the size of the genome that would be sequenced (without incurring a high cost) and
thus increase the coverage of regions sequenced, we chose to look for SNPs within sequenced,
normalized cDNA. Nucleotide sequencing using the 454 platform resulted in 1,258,041 reads
comprised of 235,180,674 bases. These were assembled into 65,486 total contigs, with 20,782
exceeding 500bp in length (large contigs). Through contig alignment and sequence comparison,
we found 14,065 SNPs that met our selection criteria of ≥ 10x coverage and at least 30% of the
minor allele. SNPs were found in 6,898 contigs, with a mean of 2.04 SNPs per contig, and
median of 1 (high=22, low=1). Only 3,333 SNPs did not have another SNP within 50bp to either
side in the flanking regions, and so these SNPs were considered for further analysis and assay
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design (Fig 2.1). Coverage depth at all SNPs had a mean of 17.08 and a median of 13 (having
discarded any SNPs with coverage < 10x).
SNP Validation and Assay Design
For validation, we designed and tested KASP assays for 255 SNP loci, resulting in 101 working
assays (Table 2.1) and a 39.6% validation rate. Using the first common reverse primer, we were
able to validate 64 SNPs. Using the second common reverse primer to test assays that failed with
the first common reverse primer, resulted in a gain of 37 additional working assays. Based on
these results, we estimate that there are approximately 1320 true SNPs for which assays could be
developed in the subset of SNPs that met our selection criteria. Ninety-six validated assays were
attempted to be converted for use with the Fluidigm EP1 Genotyping Platform using KASP
reagent, resulting in 94 working Fluidigm assays (97.9% conversion rate), with all four positive
controls correctly sorting into their appropriate clusters (Fig 2.1). STA Primers for the Fluidigm
assays are provided in Table 2.2.
DISCUSSION
We have developed 101 working SNP assays for KASP genotyping, 94 of which we also
converted to assays for use with the Fluidigm 96.96 Dynamic ArrayTM IFC. Because all SNPs
reported in this study came from cDNA sequence, there is a need for caution because these may
not be neutral markers, unless they are located in UTR regions or same-sense codon positions.
On the other hand, these SNPs may have an advantage because they could be linked to genes
associated with interesting phenotypes.
The low SNP validation rate obtained in this study was unexpected, considering the
stringent criteria under which putative SNPs were identified. We believe that the number of true
SNPs in our contigs may actually be higher than these results suggest but that due to poor primer
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design (the second common reverse primer added a significant number of working assays),
methylation of primer binding sequences, splice variants, etc. assays failed to work properly. It is
also not uncommon in grasses to observe a high number of expressed transposable elements
(Bennetzen, 2007), which could have accumulated SNP variation. The result may be that the
appearance of an SNP actually represents variation between two transposable element loci rather
than between two alleles at the same locus. These two scenarios are indistinguishable from each
other using the methods described in this study.
This study has successfully added to the tools available for the study of the population
and ecological genetics of B. tectorum. We anticipate that our SNP marker- set will enhance the
study of the ecological and population genetics of B. tectorum in the following ways: 1) it will
strengthen phylogenetic analyses and improve our ability to trace independent introduction
events to their source populations in the native range; 2) it will enable us to observe
heterozygosity from past outcrossing events across many generations to determine if facultative
outcrossing has played a role in the recent range expansion of this species; 3) populations which
appear largely homogenous using allozymes or SSRs may show additional variation using our
SNPs, which will also enable better detection of novel outcrossing events 4) these SNPs are
linked to genes, which means that strong divergence between ecotypes could indicate an
increased likelihood that these ecotypes would have different genetically-controlled adaptive
characteristics; 5) improved reproducibility between laboratories as compared to allozymes or
SSRs. Additionally, the cDNA sequence is available to search for genes that confer phenotypes
of adaptive interest in this species, such as vernalization, flowering, pathogen resistance, salt
tolerance, etc. It is also possible that SNPs may be found within the cDNA sequences that are
linked to these genes of interest.
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TABLES FOR CHAPTER 2
Table 2.1. List of validated SNP assays with primer sequences.
SNP

Primer

Sequence

SNP_1

A1 Primer
A2 Primer
CRev

GAAGGTGACCAAGTTCATGCTCAATCCTTTCGAATTCAGATTTATCTGCA
GAAGGTCGGAGTCAACGGATTATCCTTTCGAATTCAGATTTATCTGCG
ACGTTCCTCTGGTTTTTTGAATTTTCCATT

SNP_4

A1 Primer
A2 Primer
CRev

GAAGGTGACCAAGTTCATGCTCCCTTTGGTAAGAAATAAAGACGCG
GAAGGTCGGAGTCAACGGATTACCCTTTGGTAAGAAATAAAGACGCA
AGTGTCAAACGCCAATCAAAATACTGGTA

SNP_7

A1 Primer
A2 Primer
CRev

GAAGGTGACCAAGTTCATGCTCGTCGATGAAGCGCAAGCTGTT
GAAGGTCGGAGTCAACGGATTGTCGATGAAGCGCAAGCTGTC
GCCTTCCAAGTTACCAGGTCCTTT

SNP_9

A1 Primer
A2 Primer
CRev

GAAGGTGACCAAGTTCATGCTCACTCCTTGATCCATGAGATAACG
GAAGGTCGGAGTCAACGGATTCACTCCTTGATCCATGAGATAACA
CCCTCGTGCCATTGTTTATTCTGCAA

A1 Primer
SNP_13 A2 Primer
CRev

GAAGGTGACCAAGTTCATGCTACTGCAGCTGCTCATATGAAATTGC
GAAGGTCGGAGTCAACGGATTCACTGCAGCTGCTCATATGAAATTGT
TGGCTTCTATGTTCCCTGCCTCAAT

A1 Primer
SNP_14 A2 Primer
CRev

GAAGGTGACCAAGTTCATGCTGTGTTGCGTGGCGGCCTG
GAAGGTCGGAGTCAACGGATTGGTGTTGCGTGGCGGCCTA
AACATGAGGAATCATCGCCTGAAACAAA

A1 Primer
SNP_19 A2 Primer
CRev

GAAGGTGACCAAGTTCATGCTGATCACTGCACACCAACCTCAAT
GAAGGTCGGAGTCAACGGATTGATCACTGCACACCAACCTCAAC
CAAGCTTCAGAGCGTCACACTTGAA

A1 Primer
SNP_82 A2 Primer
CRev

GAAGGTGACCAAGTTCATGCTAGTAAAAGTTAGGTTGTTTTTGTTGGAGT
GAAGGTCGGAGTCAACGGATTGTAAAAGTTAGGTTGTTTTTGTTGGAGC
GCTAAATGAAAATAGGTTGAGAACAACCTT

A1 Primer
SNP_129 A2 Primer
CRev

GAAGGTGACCAAGTTCATGCTGGCGCTCTTCCATGGTGCC
GAAGGTCGGAGTCAACGGATTGAGGCGCTCTTCCATGGTGCT
CAAGGTACTTCTTCGTTCTTCAAGACAT

A1 Primer
SNP_175 A2 Primer
CRev

GAAGGTGACCAAGTTCATGCTAATGGGTTTTGGATAATGCCCTGG
GAAGGTCGGAGTCAACGGATTTAATGGGTTTTGGATAATGCCCTGA
GTCCTGAGGATGCTGTAGGCTCAT

A1 Primer
SNP_229 A2 Primer
CRev

GAAGGTGACCAAGTTCATGCTAATGCAGTGTCAATGTAGAGTCAATC
GAAGGTCGGAGTCAACGGATTAATTAATGCAGTGTCAATGTAGAGTCAATA
GAGTTCGACAGCAGCAATCCCATAT

A1 Primer
SNP_232 A2 Primer
CRev

GAAGGTGACCAAGTTCATGCTCAATAGACCATCTCGAGATGAACCA
GAAGGTCGGAGTCAACGGATTAATAGACCATCTCGAGATGAACCG
TGCGAGGGACAACATTTACATTGTGAAAA

A1 Primer
SNP_402 A2 Primer
CRev

GAAGGTGACCAAGTTCATGCTGCCTTCTTCTTGCTGCCAGGT
GAAGGTCGGAGTCAACGGATTGCCTTCTTCTTGCTGCCAGGA
TGCTGGCAGCTCCCACACCATT
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SNP

Primer

Sequence

A1 Primer
SNP_433 A2 Primer
CRev

GAAGGTGACCAAGTTCATGCTGTGACCGGTCTCACGTGAGTA
GAAGGTCGGAGTCAACGGATTGTGACCGGTCTCACGTGAGTG
GGTCTCTGAGTGCACAACGATACTT

A1 Primer
SNP_448 A2 Primer
CRev

GAAGGTGACCAAGTTCATGCTGGGATGTCTGATATTCCGCTGGT
GAAGGTCGGAGTCAACGGATTGGATGTCTGATATTCCGCTGGC
GCTGTTTCTCTACCCCTCTGTTGTA

A1 Primer
SNP_449 A2 Primer
CRev

GAAGGTGACCAAGTTCATGCTATTGAGATTGCTGTAATGCAGTATCGT
GAAGGTCGGAGTCAACGGATTGAGATTGCTGTAATGCAGTATCGC
CGCAAACCCTTCTCCTCAAGAGATT

A1 Primer
SNP_468 A2 Primer
CRev

GAAGGTGACCAAGTTCATGCTATCTATCCCCATCACGATGAAATTTCT
GAAGGTCGGAGTCAACGGATTCTATCCCCATCACGATGAAATTTCC
CGCTACACTGATGTATTCAACGAGTATAT

A1 Primer
SNP_505 A2 Primer
CRev

GAAGGTGACCAAGTTCATGCTGAAGTTCAAGAACAACAGATTTCGCC
GAAGGTCGGAGTCAACGGATTGAAGTTCAAGAACAACAGATTTCGCT
ATCCAGTTCTGGAATAAGAACAAGTCCAT

A1 Primer
SNP_583 A2 Primer
CRev

GAAGGTGACCAAGTTCATGCTACCAGGGCGCCCTTATTACTGA
GAAGGTCGGAGTCAACGGATTACCAGGGCGCCCTTATTACTGT
GAGATCTTCCTCTTGCCATCTCCTT

A1 Primer
SNP_592 A2 Primer
CRev

GAAGGTGACCAAGTTCATGCTACCCAGATTTCACGTGCGGTCT
GAAGGTCGGAGTCAACGGATTCCCAGATTTCACGTGCGGTCC
CACTCGATGCAACCTTGTTCATCGAT

A1 Primer
SNP_601 A2 Primer
CRev

GAAGGTGACCAAGTTCATGCTGACAGTGACACCGAGATTGAGG
GAAGGTCGGAGTCAACGGATTGACAGTGACACCGAGATTGAGT
ATCTTCTCGTCCAAGTCCTCAGCAA

A1 Primer
SNP_605 A2 Primer
CRev

GAAGGTGACCAAGTTCATGCTAGCGTCTTCTTTGTTATCGTCAG
GAAGGTCGGAGTCAACGGATTCCTAGCGTCTTCTTTGTTATCGTCAA
TCATACAGTATTTTGTAGCTTCGCCTCAA

A1 Primer
SNP_637 A2 Primer
CRev

GAAGGTGACCAAGTTCATGCTTGTTGGATAAGCAAGGCTGCATGT
GAAGGTCGGAGTCAACGGATTGTTGGATAAGCAAGGCTGCATGG
ATTAAGGGAGCATACATAAGCCAAAAACAA

A1 Primer
SNP_657 A2 Primer
CRev

GAAGGTGACCAAGTTCATGCTTCAATGATGCACTCATGGGAATTCTT
GAAGGTCGGAGTCAACGGATTCAATGATGCACTCATGGGAATTCTC
GTAAGGCGGACTGCACAAATTACGAA

A1 Primer
SNP_663 A2 Primer
CRev

GAAGGTGACCAAGTTCATGCTGAAAACTGATGAAGCTACATGCCATG
GAAGGTCGGAGTCAACGGATTGAAAACTGATGAAGCTACATGCCATC
CCGTGGGGGAAGCTGGCAATAT

A1 Primer
SNP_696 A2 Primer
CRev

GAAGGTGACCAAGTTCATGCTGTACATCATCCATTATTCCTCCTTGA
GAAGGTCGGAGTCAACGGATTGTACATCATCCATTATTCCTCCTTGG
GAAGCCTATTCGTACCTGATCTGACAA

A1 Primer
SNP_697 A2 Primer
CRev

GAAGGTGACCAAGTTCATGCTGTCTGCAGATCTCCCGTATCCTT
GAAGGTCGGAGTCAACGGATTCTGCAGATCTCCCGTATCCTC
CCCTGGATCTTTCTACCTACTCCTT
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SNP

Primer

Sequence

A1 Primer
SNP_718 A2 Primer
CRev

GAAGGTGACCAAGTTCATGCTAAGGTCCCAGGGAAGGCGC
GAAGGTCGGAGTCAACGGATTAAGGTCCCAGGGAAGGCGT
CAACCTCCCCAGTCTCCAAAGAAAA

A1 Primer
SNP_751 A2 Primer
CRev

GAAGGTGACCAAGTTCATGCTAAAAGTCAAGTTCTGTTAATTTTCCTCCA
GAAGGTCGGAGTCAACGGATTAAGTCAAGTTCTGTTAATTTTCCTCCG
CGACTCGATTGGCTCCAACATTTGAA

A1 Primer
SNP_755 A2 Primer
CRev

GAAGGTGACCAAGTTCATGCTGGACAAGCTCTAAATTTTTGGTTCTGT
GAAGGTCGGAGTCAACGGATTGGACAAGCTCTAAATTTTTGGTTCTGA
GCTACTCTAAACAACGGGAGCAAGTA

A1 Primer
SNP_790 A2 Primer
CRev

GAAGGTGACCAAGTTCATGCTCCTGGATATATTATGTTCTGTAATATTCTAG
GAAGGTCGGAGTCAACGGATTACCTGGATATATTATGTTCTGTAATATTCTAA
GGTTTACAATGTGAGGTAAAGGAAGGAAA

A1 Primer
SNP_818 A2 Primer
CRev

GAAGGTGACCAAGTTCATGCTATGTAGTTGGCTCACCTGTACCTAT
GAAGGTCGGAGTCAACGGATTGTAGTTGGCTCACCTGTACCTAG
CCATTCATAGTGAAGGAGTATGCTACAAA

A1 Primer
SNP_853 A2 Primer
CRev

GAAGGTGACCAAGTTCATGCTAAACTGACTGTTCTCCTGAGGTGTA
GAAGGTCGGAGTCAACGGATTCTGACTGTTCTCCTGAGGTGTC
CGGACATTGCTGAATACTTTTCTCGTT

A1 Primer
SNP_854 A2 Primer
CRev

GAAGGTGACCAAGTTCATGCTATGCAACAGCAATCTTCAGACCC
GAAGGTCGGAGTCAACGGATTAGATGCAACAGCAATCTTCAGACCT
GGGGGGCTCTGGAACTCATCAT

A1 Primer
SNP_874 A2 Primer
CRev

GAAGGTGACCAAGTTCATGCTCACCCACGTACCAGTGGACG
GAAGGTCGGAGTCAACGGATTCACCCACGTACCAGTGGACA
CACAAGTTTGACCTCATGTACGCCAA

A1 Primer
SNP_882 A2 Primer
CRev

GAAGGTGACCAAGTTCATGCTCGCCATCGAGAACTTCAGCTTC
GAAGGTCGGAGTCAACGGATTGCGCCATCGAGAACTTCAGCTTT
CCAGGGCGATTTTGTTTCGTCGAA

A1 Primer
SNP_887 A2 Primer
CRev

GAAGGTGACCAAGTTCATGCTATCAGTACTAGCCCCCAGATGAT
GAAGGTCGGAGTCAACGGATTCAGTACTAGCCCCCAGATGAC
GGTGGCAGATGGTTCCTGTGGAA

A1 Primer
SNP_904 A2 Primer
CRev

GAAGGTGACCAAGTTCATGCTGCAGCCACTGAGCAATGTTACG
GAAGGTCGGAGTCAACGGATTCGCAGCCACTGAGCAATGTTACA
TTAAGCAGAGTCGGATCCACAGGAA

A1 Primer
SNP_968 A2 Primer
CRev

GAAGGTGACCAAGTTCATGCTGGGGGGCATGTACGTCTACAAT
GAAGGTCGGAGTCAACGGATTGGGGGCATGTACGTCTACAAC
TTTTTCGAGAGGGCCAAATTCTTCTAAAAA

A1 Primer
SNP_973 A2 Primer
CRev

GAAGGTGACCAAGTTCATGCTGTAGAACAATTGTAGTATGGTTATTGTCTAA
GAAGGTCGGAGTCAACGGATTAGAACAATTGTAGTATGGTTATTGTCTAC
GATGTGACAAAGTGATATTTTCCGGTGTA

A1 Primer
SNP_992 A2 Primer
CRev

GAAGGTGACCAAGTTCATGCTAGTACTAGAGGTATGCCTGGCG
GAAGGTCGGAGTCAACGGATTGAGTACTAGAGGTATGCCTGGCT
GCAGCTAATAACAGTGTAGTATCTTGGTA
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SNP

Primer

Sequence

A1 Primer
SNP_997 A2 Primer
CRev

GAAGGTGACCAAGTTCATGCTCAGAAAGAACCGACTTGCCGC
GAAGGTCGGAGTCAACGGATTGCAGAAAGAACCGACTTGCCGT
CAGAAGATACTGCATGTTCCAGAGGTT

A1 Primer
SNP_1013 A2 Primer
CRev

GAAGGTGACCAAGTTCATGCTCATCACTGAAGCTTCTCAAGGC
GAAGGTCGGAGTCAACGGATTAGTCATCACTGAAGCTTCTCAAGGT
CAAGAGCAAATCCTCAACAGAAGGATATA

A1 Primer
SNP_1058 A2 Primer
CRev

GAAGGTGACCAAGTTCATGCTAGGCCTCGATTGATTGATTTCAGC
GAAGGTCGGAGTCAACGGATTCAGGCCTCGATTGATTGATTTCAGT
GATAACAGTCCTTCTAGGGTTCAAGAAT

A1 Primer
SNP_1064 A2 Primer
CRev

GAAGGTGACCAAGTTCATGCTGAGGCGTCGGCCATCTCC
GAAGGTCGGAGTCAACGGATTGGAGGCGTCGGCCATCTCT
CTTCGTCTTGTGGACCACGGGTT

A1 Primer
SNP_1125 A2 Primer
CRev

GAAGGTGACCAAGTTCATGCTGGTAGTGAAAATTATCCATAGCCTGATT
GAAGGTCGGAGTCAACGGATTGTAGTGAAAATTATCCATAGCCTGATC
CACAAAAAAACATTAAGAGGGGATAGCAAA

A1 Primer
SNP_1203 A2 Primer
CRev

GAAGGTGACCAAGTTCATGCTATACCCCCAGCAAGCTTATATACAG
GAAGGTCGGAGTCAACGGATTCATACCCCCAGCAAGCTTATATACAA
CTTGGATTTATGATTCATGGTACCACTATT

A1 Primer
SNP_1204 A2 Primer
CRev

GAAGGTGACCAAGTTCATGCTGTCATGACTTCAGGATCCCTTAAC
GAAGGTCGGAGTCAACGGATTATGTCATGACTTCAGGATCCCTTAAT
CATAGTTAATGTGCTGCGTCGGCAA

A1 Primer
SNP_1211 A2 Primer
CRev

GAAGGTGACCAAGTTCATGCTATAGAAACATGAACCTTCTGCGTGG
GAAGGTCGGAGTCAACGGATTCATAGAAACATGAACCTTCTGCGTGA
AACGTAAACAGGAGGGCGTAAATAATCTT

A1 Primer
SNP_1270 A2 Primer
CRev

GAAGGTGACCAAGTTCATGCTAATGTCCTGACTGAGGTGCCTTA
GAAGGTCGGAGTCAACGGATTATGTCCTGACTGAGGTGCCTTG
CAAGGTAAGACATCTCAGGCAGGTA

A1 Primer
SNP_1352 A2 Primer
CRev

GAAGGTGACCAAGTTCATGCTGTACAGGTTCAACGTTCCATGGAAT
GAAGGTCGGAGTCAACGGATTACAGGTTCAACGTTCCATGGAAC
TTATCTTAACGGGGCACACCTCACT

A1 Primer
SNP_1383 A2 Primer
CRev

GAAGGTGACCAAGTTCATGCTTCCTCAGTACCATCACAAAGATCG
GAAGGTCGGAGTCAACGGATTCCTCAGTACCATCACAAAGATCA
GAATACTATGCACAAGTCGGTAACTGTAT

A1 Primer
SNP_1388 A2 Primer
CRev

GAAGGTGACCAAGTTCATGCTGGAGAGCAAACAGCTGCGCAA
GAAGGTCGGAGTCAACGGATTGGAGAGCAAACAGCTGCGCAG
TGCTGTGGCCTACATGTACCCAAT

A1 Primer
SNP_1398 A2 Primer
CRev

GAAGGTGACCAAGTTCATGCTGAAATGGCAGCAGCTCTGGTGTT
GAAGGTCGGAGTCAACGGATTAAATGGCAGCAGCTCTGGTGTC
GTTCAGTGCTGCTCCCGTTTCTTTT

A1 Primer
SNP_1400 A2 Primer
CRev

GAAGGTGACCAAGTTCATGCTCTCGAGGTAGAGCTTTATCCAACA
GAAGGTCGGAGTCAACGGATTCGAGGTAGAGCTTTATCCAACG
TTATCGCTCAATCCGTAACTTCTTGCTTT
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SNP

Primer

Sequence

A1 Primer
SNP_1407 A2 Primer
CRev

GAAGGTGACCAAGTTCATGCTAAAAGAGATCCGGGCCATCGG
GAAGGTCGGAGTCAACGGATTAATAAAAGAGATCCGGGCCATCGA
GTACACCTTTTGGGGATATGGGTCAT

A1 Primer
SNP_1413 A2 Primer
CRev

GAAGGTGACCAAGTTCATGCTCCATACGCGTCTCCACTGGAC
GAAGGTCGGAGTCAACGGATTCCATACGCGTCTCCACTGGAT
GAAGGAGATGAGAGGCGCGCTA

A1 Primer
SNP_1438 A2 Primer
CRev

GAAGGTGACCAAGTTCATGCTCAATTGTGTTTCTCAAATCAGTGGAGA
GAAGGTCGGAGTCAACGGATTAATTGTGTTTCTCAAATCAGTGGAGG
TTTTTTTACGAGCAAAAAAGAATCATCCAT

A1 Primer
SNP_1450 A2 Primer
CRev

GAAGGTGACCAAGTTCATGCTCATCAGGTCATCAGAAGCTAATGCA
GAAGGTCGGAGTCAACGGATTCATCAGGTCATCAGAAGCTAATGCT
TGTAAATCTGATCTTGAGACCGCAGTA

A1 Primer
SNP_1470 A2 Primer
CRev

GAAGGTGACCAAGTTCATGCTCGAAAGGAACAATCATGAGAAAGATC
GAAGGTCGGAGTCAACGGATTTCGAAAGGAACAATCATGAGAAAGATA
GTCAGTTCTAGAAGGCTCGGAGTTT

A1 Primer
SNP_1489 A2 Primer
CRev

GAAGGTGACCAAGTTCATGCTGCATCATCGGAGCACTGGCC
GAAGGTCGGAGTCAACGGATTGCATCATCGGAGCACTGGCG
GTGCTGCTACTTTTGTTGCTGTCCTT

A1 Primer
SNP_1507 A2 Primer
CRev

GAAGGTGACCAAGTTCATGCTATTTTAAGCGGTACAAAATTTAAGACCAA
GAAGGTCGGAGTCAACGGATTATTTTAAGCGGTACAAAATTTAAGACCAG
GAGGTGGGAGAGGGAGACTGAA

A1 Primer
SNP_1586 A2 Primer
CRev

GAAGGTGACCAAGTTCATGCTATACCCTGCACGCGTCGGTTTA
GAAGGTCGGAGTCAACGGATTCCCTGCACGCGTCGGTTTG
ATGGAGCGGCAGCAAGGATAACAAA

A1 Primer
SNP_1635 A2 Primer
CRev

GAAGGTGACCAAGTTCATGCTGTGTTGAGAAGTTCATCGTGCAAG
GAAGGTCGGAGTCAACGGATTGGTGTTGAGAAGTTCATCGTGCAAA
TGAGCGTCCGTGGGTGTCTGTT

A1 Primer
SNP_1640 A2 Primer
CRev

GAAGGTGACCAAGTTCATGCTGACCGACTAGCGACTCTGAAGAA
GAAGGTCGGAGTCAACGGATTACCGACTAGCGACTCTGAAGAG
CCATTTCACCAGGTAGAGGTTCCAT

A1 Primer
SNP_1647 A2 Primer
CRev

GAAGGTGACCAAGTTCATGCTAATCATCAATGGGCTCAGTGTGAGA
GAAGGTCGGAGTCAACGGATTCATCAATGGGCTCAGTGTGAGG
CGTCTACTGGCAGTTTCCGCCAT

A1 Primer
SNP_1652 A2 Primer
CRev

GAAGGTGACCAAGTTCATGCTAGAAATCGGGATTCTGGAGCTGATA
GAAGGTCGGAGTCAACGGATTAAATCGGGATTCTGGAGCTGATC
TCCAATTTCATGAGACCAATACGGTTCAA

A1 Primer
SNP_1654 A2 Primer
CRev

GAAGGTGACCAAGTTCATGCTCCCAATATCAAAGGAGTTTGCTTGTATA
GAAGGTCGGAGTCAACGGATTCCAATATCAAAGGAGTTTGCTTGTATG
CAAACTCCTACTGTGAACACCTATACTTT

A1 Primer
SNP_1724 A2 Primer
CRev

GAAGGTGACCAAGTTCATGCTGGGGAAGCATCGGTGCATTCTT
GAAGGTCGGAGTCAACGGATTGGGAAGCATCGGTGCATTCTG
ATTACGCTACTGGTTCCTCGCCTTT
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SNP

Primer

Sequence

A1 Primer
SNP_1794 A2 Primer
CRev

GAAGGTGACCAAGTTCATGCTGTTTCCTTGTGTCACTAGTGTATAGC
GAAGGTCGGAGTCAACGGATTGTTTCCTTGTGTCACTAGTGTATAGT
CAACATAGAGCAACCGGAAGCCAAA

A1 Primer
SNP_1818 A2 Primer
CRev

GAAGGTGACCAAGTTCATGCTAGGGTGTTGGAACAATATCCCTTG
GAAGGTCGGAGTCAACGGATTAGGGTGTTGGAACAATATCCCTTC
ATTCCATCAGAAGAGAGACTAGGAACTAA

A1 Primer
SNP_1832 A2 Primer
CRev

GAAGGTGACCAAGTTCATGCTGCGCGAGAACATGGTCTGAC
GAAGGTCGGAGTCAACGGATTGTGCGCGAGAACATGGTCTGAA
GGTCCTAGGTGTCTGTCGGACTA

A1 Primer
SNP_1873 A2 Primer
CRev

GAAGGTGACCAAGTTCATGCTGAGGTGTATCCTTAATGTCATGTGC
GAAGGTCGGAGTCAACGGATTGAGGTGTATCCTTAATGTCATGTGT
GAAGAACATTATCTCAAAGCTTGGACCAT

A1 Primer
SNP_1907 A2 Primer
CRev

GAAGGTGACCAAGTTCATGCTGACAGCCTCAACTATTCCATTATCG
GAAGGTCGGAGTCAACGGATTAGACAGCCTCAACTATTCCATTATCA
GGAAGGCAGTGTTCAACTATGATTTTGAT

A1 Primer
SNP_1930 A2 Primer
CRev

GAAGGTGACCAAGTTCATGCTCGTACAACCCTTCCATCGTCTC
GAAGGTCGGAGTCAACGGATTAACGTACAACCCTTCCATCGTCTT
TAGGGAGAATCCCAATCCGCATCAA

A1 Primer
SNP_2120 A2 Primer
CRev

GAAGGTGACCAAGTTCATGCTTTGGCCGAGGCATGGATGAC
GAAGGTCGGAGTCAACGGATTCTTTGGCCGAGGCATGGATGAT
AAACCTCTCCTTAATTCACACGCAGAAAT

A1 Primer
SNP_2141 A2 Primer
CRev

GAAGGTGACCAAGTTCATGCTCATCTGGAATTTTTCATGTACATTCTCG
GAAGGTCGGAGTCAACGGATTGCATCTGGAATTTTTCATGTACATTCTCA
GTGTTTGAACTCAGCCTTATATCTGGAAT

A1 Primer
SNP_2142 A2 Primer
CRev

GAAGGTGACCAAGTTCATGCTAGGGTCAATCGTGATAAGGCATTG
GAAGGTCGGAGTCAACGGATTAGGGTCAATCGTGATAAGGCATTA
GCAGAGTGGTTGTGGTTTCAGGATA

A1 Primer
SNP_2148 A2 Primer
CRev

GAAGGTGACCAAGTTCATGCTGGAGCCACTGTATGAAGATTTCAC
GAAGGTCGGAGTCAACGGATTGGGAGCCACTGTATGAAGATTTCAT
TTTCAAGAAATAGCAAACAGGCGAGCAT

A1 Primer
SNP_2166 A2 Primer
CRev

GAAGGTGACCAAGTTCATGCTATGTAGCTCTAGTTTGACAGCGCAA
GAAGGTCGGAGTCAACGGATTGTAGCTCTAGTTTGACAGCGCAG
GGTCACTGAACAAAAGAATACAAAGTATAA

A1 Primer
SNP_2399 A2 Primer
CRev

GAAGGTGACCAAGTTCATGCTGAGCATTCCAAGAGCAGCCACA
GAAGGTCGGAGTCAACGGATTAGCATTCCAAGAGCAGCCACG
GCCTTGCCGCGATGTATGGTGTT

A1 Primer
SNP_2409 A2 Primer
CRev

GAAGGTGACCAAGTTCATGCTCACTACACTGCTAGAGCAGGTC
GAAGGTCGGAGTCAACGGATTGCACTACACTGCTAGAGCAGGTT
ACATACGCCGGATCTGAACTCTCTT

A1 Primer
SNP_2436 A2 Primer
CRev

GAAGGTGACCAAGTTCATGCTGTAACCAATTGATTTTCTTCTCCTTATAAGT
GAAGGTCGGAGTCAACGGATTAACCAATTGATTTTCTTCTCCTTATAAGG
GACATTGTGTAGTTGTGTGACTAGTCAAA
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SNP

Primer

Sequence

A1 Primer
SNP_2521 A2 Primer
CRev

GAAGGTGACCAAGTTCATGCTCATTGAATTTCATAGACACATTACCTCTA
GAAGGTCGGAGTCAACGGATTCATTGAATTTCATAGACACATTACCTCTG
CCGATAAATAGCCTGAGTGGATCCAA

A1 Primer
SNP_2681 A2 Primer
CRev

GAAGGTGACCAAGTTCATGCTAATTGGTGATTTCTTGAGAATGATTATCAC
GAAGGTCGGAGTCAACGGATTAAAATTGGTGATTTCTTGAGAATGATTATCAT
TGTGAGAACCACAATTAGCCCAACAATTT

A1 Primer
SNP_2704 A2 Primer
CRev

GAAGGTGACCAAGTTCATGCTGAAATCGCTGTCAGAAGGCCCAA
GAAGGTCGGAGTCAACGGATTAAATCGCTGTCAGAAGGCCCAG
TTCTATCTATCGCTCCCCTGGCTT

A1 Primer
SNP_2728 A2 Primer
CRev

GAAGGTGACCAAGTTCATGCTCCTTTCTTCATTTGACATGTCTGAGAA
GAAGGTCGGAGTCAACGGATTCTTTCTTCATTTGACATGTCTGAGAG
ATATCTTCTGCTCACCGTAAGACCAAAT

A1 Primer
SNP_2773 A2 Primer
CRev

GAAGGTGACCAAGTTCATGCTCAGAAAATGATTCATTATCCTCTACATCA
GAAGGTCGGAGTCAACGGATTCAGAAAATGATTCATTATCCTCTACATCG
TAACTTCACTTCTGCAGTTTCCACCAT

A1 Primer
SNP_2795 A2 Primer
CRev

GAAGGTGACCAAGTTCATGCTAGTTTCCCAATACCACTAGGCACT
GAAGGTCGGAGTCAACGGATTGTTTCCCAATACCACTAGGCACC
TGGTTCTGGAAGACCTCGCCATATA

A1 Primer
SNP_2807 A2 Primer
CRev

GAAGGTGACCAAGTTCATGCTGCATATGACACATGTGCCATCATTTG
GAAGGTCGGAGTCAACGGATTGCATATGACACATGTGCCATCATTTA
CAAGACAGTACAAGACTAACACGAAGTAT

A1 Primer
SNP_2834 A2 Primer
CRev

GAAGGTGACCAAGTTCATGCTAATCAGGTTCGCTCCTGACAGC
GAAGGTCGGAGTCAACGGATTCAATCAGGTTCGCTCCTGACAGT
CAAGATAGGACCCGATGTAGGTCAT

A1 Primer
SNP_2850 A2 Primer
CRev

GAAGGTGACCAAGTTCATGCTCAACATGCTGTATACTAGTGGCCAT
GAAGGTCGGAGTCAACGGATTAACATGCTGTATACTAGTGGCCAG
TTGTGTCTCTGTGGTACATAATGGGAAT

A1 Primer
SNP_2869 A2 Primer
CRev

GAAGGTGACCAAGTTCATGCTCCCTAACGAGTTTACGAGACTCG
GAAGGTCGGAGTCAACGGATTCCCTAACGAGTTTACGAGACTCA
GGCCTATGTGCCGCCGGAGAT

A1 Primer
SNP_2877 A2 Primer
CRev

GAAGGTGACCAAGTTCATGCTGGAGACCTACAGCTTTGGATTCC
GAAGGTCGGAGTCAACGGATTAAGGAGACCTACAGCTTTGGATTCA
CCATTGATGTGTGAATATCAGAAGTTCATA

A1 Primer
SNP_2918 A2 Primer
CRev

GAAGGTGACCAAGTTCATGCTGAATTGCAATCCAATTAAAGTCGTCG
GAAGGTCGGAGTCAACGGATTGATGAATTGCAATCCAATTAAAGTCGTCA
AGGGCGACCAAGTAGATGACCTTTA

A1 Primer
SNP_2919 A2 Primer
CRev

GAAGGTGACCAAGTTCATGCTCCGTACACCGGAGATGAAGACT
GAAGGTCGGAGTCAACGGATTCGTACACCGGAGATGAAGACC
CCCCACTCGCGGCGGAAGAA

A1 Primer
SNP_2986 A2 Primer
CRev

GAAGGTGACCAAGTTCATGCTAGGAAGAAGCAGAATGCAAGGGAT
GAAGGTCGGAGTCAACGGATTGGAAGAAGCAGAATGCAAGGGAG
CCAGCAACATTGCAGAGTGCGTAAT
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SNP

Primer

Sequence

A1 Primer
SNP_3025 A2 Primer
CRev

GAAGGTGACCAAGTTCATGCTCAACATCGAGACCAGGCATTCG
GAAGGTCGGAGTCAACGGATTAACAACATCGAGACCAGGCATTCT
GGCAGAAGAGCAGGCACAGAGAA

A1 Primer
SNP_3049 A2 Primer
CRev

GAAGGTGACCAAGTTCATGCTAAAAATCATGTCCCTTTCTTGTTTCTATCA
GAAGGTCGGAGTCAACGGATTAATCATGTCCCTTTCTTGTTTCTATCG
GTTAAGCATGATGGGAAGGACTGCAA

A1 Primer
SNP_3142 A2 Primer
CRev

GAAGGTGACCAAGTTCATGCTCCCCCTAGTAACTCAAACGGCT
GAAGGTCGGAGTCAACGGATTCCCCCTAGTAACTCAAACGGCA
CGCCTGAGGCACTTGAGGTACTT

A1 Primer
SNP_3285 A2 Primer
CRev

GAAGGTGACCAAGTTCATGCTGGATATGTTTTTTATTCTTGCTCATGTTG
GAAGGTCGGAGTCAACGGATTGATGGATATGTTTTTTATTCTTGCTCATGTTA
GGGCGCCATACAAAGATAATTTTGTTGTA
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Table 2.2. Specific Target Amplification (STA) Primers for Fluidigm Genotyping. The sequence,
length (L), GC content (%GC), and melting temperature (Tm) are reported
SNP
SNP_1
SNP_4
SNP_7
SNP_9
SNP_13
SNP_14
SNP_19
SNP_82
SNP_129
SNP_175
SNP_229
SNP_232
SNP_402
SNP_433
SNP_448
SNP_449
SNP_468
SNP_505
SNP_583
SNP_601
SNP_605
SNP_637
SNP_657
SNP_663
SNP_696
SNP_697
SNP_718
SNP_751
SNP_775
SNP_790
SNP_818
SNP_853
SNP_854
SNP_874
SNP_882
SNP_887
SNP_904
SNP_973
SNP_992
SNP_997
SNP_1013
SNP_1058
SNP_1064
SNP_1125
SNP_1203
SNP_1204
SNP_1211
SNP_1270
SNP_1383

STA Primer
GGTCAATCCTTTCGAATTCAGATTTATCTGC
GCTACCCTTTGGTAAGAAATAAAGACGC
GTCGATGAAGCGCAAGCTGT
CCATATTCACTCCTTGATCCATGAGATAAC
ACTGCAGCTGCTCATATGAAATTG
TTGCGTGGCGGCCT
GATCACTGCACACCAACCTCAA
GATCTAGTAAAAGTTAGGTTGTTTTTGTTGGAG
GCGCTCTTCCATGGTGC
TTTAATGGGTTTTGGATAATGCCCTG
GATTAATTAATGCAGTGTCAATGTAGAGTCAAT
AACAATAGACCATCTCGAGATGAACC
GCCTTCTTCTTGCTGCCAGG
GTGACCGGTCTCACGTGAGT
GGGATGTCTGATATTCCGCTGG
AGATTGAGATTGCTGTAATGCAGTATCG
ATGATCTATCCCCATCACGATGAAATTTC
ATGAAGTTCAAGAACAACAGATTTCGC
CCAGGGCGCCCTTATTACTG
CTGACAGTGACACCGAGATTGAG
CCTAGCGTCTTCTTTGTTATCGTCA
TGTTGGATAAGCAAGGCTGCATG
TCAATGATGCACTCATGGGAATTCT
CAGAAAACTGATGAAGCTACATGCCAT
CAGTTATGTACATCATCCATTATTCCTCCTTG
GTCTGCAGATCTCCCGTATCCT
GGTCCCAGGGAAGGCG
ACAAAAGTCAAGTTCTGTTAATTTTCCTCC
GTAGATGGTGCAGAAAATCCAACC
CAACATACACCTGGATATATTATGTTCTGTAATATTCTA
ATGTAGTTGGCTCACCTGTACCTA
AAACTGACTGTTCTCCTGAGGTGT
GATGCAACAGCAATCTTCAGACC
CACCCACGTACCAGTGGAC
CGCCATCGAGAACTTCAGCTT
ATCAGTACTAGCCCCCAGATGA
GCAGCCACTGAGCAATGTTAC
CCGTAGAACAATTGTAGTATGGTTATTGTCTA
GAGTACTAGAGGTATGCCTGGC
CAGAAAGAACCGACTTGCCG
AGTCATCACTGAAGCTTCTCAAGG
ACAGGCCTCGATTGATTGATTTCAG
GAGGCGTCGGCCATCTC
CCTGGTAGTGAAAATTATCCATAGCCTGAT
CATACCCCCAGCAAGCTTATATACA
GATGTCATGACTTCAGGATCCCTTAA
CATAGAAACATGAACCTTCTGCGTG
AATGTCCTGACTGAGGTGCCTT
CGATTCCTCAGTACCATCACAAAGATC
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L
31
28
20
30
24
14
22
33
17
26
33
26
20
20
22
28
29
27
20
23
25
23
25
27
32
22
16
30
24
39
24
24
23
19
21
22
21
32
22
20
24
25
17
30
25
26
25
22
27

%GC
38.7
42.9
55
40
41.7
71.4
50
33.3
64.7
38.5
30.3
42.3
60
60
54.5
39.3
37.9
37
60
52.2
44
47.8
40
40.7
37.5
54.5
75
33.3
45.8
28.2
45.8
45.8
47.8
63.2
52.4
50
52.4
34.4
54.5
55
45.8
44
70.6
40
44
42.3
44
50
44.4

Tm
57.9
57.8
58.4
56.8
56
58.9
57.6
56.3
57.2
56.1
56
56.4
59
59.1
57.4
57
56.9
56.3
58.1
57.2
56.5
58.2
56.7
57.6
57
58
58.8
56.2
56.2
56.4
57.2
57.9
56.5
57.9
57.6
56.9
56.8
56.3
56.3
56.4
56.7
57.4
58.7
58
56.4
56.2
56.3
58.5
57.1

SNP
SNP_1388
SNP_1398
SNP_1400
SNP_1407
SNP_1413
SNP_1438
SNP_1450
SNP_1470
SNP_1489
SNP_1507
SNP_1586
SNP_1635
SNP_1640
SNP_1647
SNP_1652
SNP_1724
SNP_1794
SNP_1818
SNP_1832
SNP_1873
SNP_1907
SNP_1930
SNP_2120
SNP_2141
SNP_2142
SNP_2148
SNP_2166
SNP_2399
SNP_2409
SNP_2436
SNP_2521
SNP_2704
SNP_2773
SNP_2795
SNP_2807
SNP_2834
SNP_2850
SNP_2877
SNP_2869
SNP_2918
SNP_2919
SNP_3025
SNP_3049
SNP_3142
SNP_3285

STA Primer
GAGAGCAAACAGCTGCGCA
GGCAGCAGCTCTGGTGTT
CCTCGAGGTAGAGCTTTATCCAAC
AAAAGAGATCCGGGCCATCG
CCATACGCGTCTCCACTGGA
GCAATTGTGTTTCTCAAATCAGTGGAG
AACATCAGGTCATCAGAAGCTAATGC
CATTTCGAAAGGAACAATCATGAGAAAGAT
GCATCATCGGAGCACTGGC
CATCTATTTTAAGCGGTACAAAATTTAAGACCA
CCTGCACGCGTCGGTTT
GGTGTTGAGAAGTTCATCGTGCAA
GACCGACTAGCGACTCTGAAGA
AATCATCAATGGGCTCAGTGTGAG
AGAAATCGGGATTCTGGAGCTGAT
GGGAAGCATCGGTGCATTCT
AGAATTGTTTCCTTGTGTCACTAGTGTATAG
AGGGTGTTGGAACAATATCCCTT
GCGCGAGAACATGGTCTGA
CGTTGAGGTGTATCCTTAATGTCATGTG
ACATAGACAGCCTCAACTATTCCATTATC
CGTACAACCCTTCCATCGTCT
GGCCGAGGCATGGATGA
GTGCATCTGGAATTTTTCATGTACATTCTC
AGGGTCAATCGTGATAAGGCATT
GGGAGCCACTGTATGAAGATTTCA
ATGTAGCTCTAGTTTGACAGCGCA
GAGCATTCCAAGAGCAGCCAC
CACTACACTGCTAGAGCAGGT
AAGTTGTAACCAATTGATTTTCTTCTCCTTATAAG
CCCATTGAATTTCATAGACACATTACCTCT
ATCGCTGTCAGAAGGCCCA
AGGATCAGAAAATGATTCATTATCCTCTACATC
AGTTTCCCAATACCACTAGGCAC
GCATATGACACATGTGCCATCATTT
AATCAGGTTCGCTCCTGACAG
CAACATGCTGTATACTAGTGGCCA
AAAGGAGACCTACAGCTTTGGATTC
TCTCCCTAACGAGTTTACGAGACTC
GGATGAATTGCAATCCAATTAAAGTCGTC
CCGTACACCGGAGATGAAGAC
CAACATCGAGACCAGGCATTC
TGAAAAATCATGTCCCTTTCTTGTTTCTATC
CCCCCTAGTAACTCAAACGGC
GTGATGGATATGTTTTTTATTCTTGCTCATGTT
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L
19
18
24
20
20
27
26
30
19
33
17
24
22
24
24
20
31
23
19
28
29
21
17
29
23
24
24
21
21
35
30
19
33
23
25
21
24
25
25
29
21
21
31
21
33

%GC
57.9
61.1
50
55
60
40.7
42.3
33.3
63.2
30.3
64.7
45.8
54.5
45.8
45.8
55
35.5
43.5
57.9
42.9
37.9
52.4
64.7
34.5
43.5
45.8
45.8
57.1
52.4
28.6
36.7
57.9
33.3
47.8
40
52.4
45.8
44
48
37.9
57.1
52.4
32.3
57.1
30.3

Tm
58.9
58.4
56.7
57.5
59.1
56.9
57.2
56.2
59.2
56.2
59.2
57.8
57.9
57.3
58
58
56.5
56.3
57.8
57.4
56.3
56.7
57.9
56.1
56.5
56.8
58.3
58.8
56.2
56.2
56.8
59.1
56.4
56.8
56.4
57
56.8
56.8
57.3
56.9
57.1
56.1
56.1
57.6
56.6

FIGURES FOR CHAPTER 2
Figure 2.1 Flowchart of cDNA preparation and sequencing, followed by SNP discovery and
validation.
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